ABSTRACT Pea (Pisum sativum) leaf chloroplastic and cytoplasmic 3-phosphoglycerate kinases (ATP: D-3-phosphoglycerate 1-phosphotransferase, EC 2.7.2.3) have similar Michaelis constants for ATP, 0.7 and 0.55 mM, for ADP, 0.18 and 0.22, and for 3-P-glycerate, 0.59 and 0.54 mM at low substrate concentrations, and 1.6 and 1.25 mM at high substrate concentrations. Both enzymes are inhibited by ADP and AMP in the ATP-utilizing direction and by ATP and AMP in the ATPgenerating direction and are controlled by energy charge. Apparently, whether the cytoplasmic and chloroplastic kinases in the plant cell will participate in the reductive pentose phosphate cycle and gluconeogenesis or in glycolysis will be determined by the environment in the cell compartment and not by the differential properties of the enzymes themselves.
3-Phosphoglycerate kinase (ATP: D-3-phosphoglycerate 1-phosphotransferase, EC 2.7.2.3) catalyzes the reversible interconversion of 3-P-glycerate and 1,3-diP-glycerate with the concomitant utilization or generation of ATP. This enzyme participates in the reductive pentose phosphate cycle and in glycolysis and gluconeogenesis in green plants. Although the chloroplastic and cytoplasmic forms of the enzyme have been separated by isoelectric focusing (4) , further characterization of the two forms has been lacking. The purpose of the experiments described here was to determine and compare the properties of the two forms of 3-P-glycerate kinase.
The pea (Pisum sativum L.) chloroplastic and cytoplasmic 3-P-glycerate kinases have identical pH optima, with Pglycerate as substrate, and similar or identical Michaelis constants for ATP, ADP, and 3-P-glycerate. Both forms are inhibited by AMP and ADP and the Ki values differ by a factor of 1.5. The only naturally occurring nucleoside triphosphate which serves as a phosphate donor is ATP. The pea leaf 3-P-glycerate kinases are apparently very similar enzymes and also resemble in many, but not all, respects the enzymes from pea seeds (8) , yeast (13) (14) (15) , rabbit muscle (13) , and the chemosynthetic bacterium Hydrogenomonas facilis (19) . ' This research was supported by grants from the National Science Foundation (GB 28160) P-glycerate Kinase Assay. A number of different assay methods were used. Unless otherwise specified the enzyme was assayed using the coupled assay method of Buicher (9) . Each cuvette contained 10 umoles of ATP, 10 /moles of MgC12, 9 /,moles of 3-P-glycerate, 4.15 ,umoles of NADH, 50 jumoles of tris, HCl, pH 7.5, 100 /tg of glyceraldehyde-3-P dehydrogenase, and enzyme in a total volume of 1 ml. The rate of NADH disappearance was followed at 340 nm using a Gilford 2400 recording spectrophotometer. Temperature was 25 C. One enzyme unit represents disappearance of 1 ,tmole NADH per min. Specific activity is defined as enzyme units per mg protein.
Protein Determination. Protein was determined by the biuret method modified by acetone precipitation (see Ref. 4) or directly by the spectrophotometric method of Warburg and Christian as described by Layne (18) .
Purification of 3-P-glycerate Kinase. Chloroplasts were prepared as described previously (4) centrifugation, resuspended in a small volume of 10 mm potassium phosphate buffer, pH 7.5, and dialyzed against a continuous flow of the phosphate buffer for 2 hr in a Bio-Rad dialyzer. The dialyzed fraction was adsorbed on DEAE A-50 Sephadex (2.54 X 5 cm gel column) and eluted with 400 ml of a linear 0 to 0.3 M NaCl gradient in 10 mm potassium phosphate, pH 7.5. The most active fractions were pooled and stored at -20 C in the case of the chloroplastic enzyme, or, in the case of the cytoplasmic enzyme, brought to 70% ammonium sulfate saturation. The precipitate from the cytoplasmic preparation was collected by centrifugation, resuspended in a small volume of phosphate buffer, and subjected to gel filtration on a Sephadex G-50 column in 10 mm phosphate buffer (3 X 40 cm). The most active fractions were collected and stored at -20 C. They were stable for at least 2 months. The results of a typical purification are given in Table I . When the most highly purified fractions were subjected to polyacrylamide gel electrophoresis six or seven protein bands were observed; the enzyme is apparently only partially purified. Additional purification was not attempted.
Determination of pH Optima. pH optima were determined by assaying for 3-P-glyceric acid kinase activity in the ATP utilizing direction in presence of acetate or tris-HCl buffers ranging in pH between 5 and 10. The cuvette contained 10 ,umoles of 3-P-glyceric acid, 5 ,umoles of ATP, 10 umoles of MgCl2, 0.1 ,umole of NADH, 100 ,ug of glyceraldehyde-3-P dehydrogenase desalted by passage through a Sephadex G-25 column, 100 ,tmoles of tris-HCl or sodium acetate, and 3-Pglyceric acid kinase in a total volume of 1 ml. The reaction mixture was incubated for 15 min at 25 C prior to the initiation of the reaction by addition of 3-P-glyceric acid kinase and the coupling enzyme, glyceraldehyde-3-P dehydrogenase. The activity was recorded, and pH of the assay mixture was measured at 20 C using a Radiometer pH meter 26.
Determination of Kinetic Constants. ,umoles of tris-HCl, pH 7.5, 250 Mmoles of NaCl, S or 1 jpmole of ATP, 100 trg of glceraldehyde-3-P dehydrogenase, 3-Pglyceric acid varied in 12 even reciprocal intervals between 0.1 and 10 Mmoles, and 3-P-glyceric acid kinase in a total volume of 1.0 ml. Determination of Nucleoside Triphosphate Specificity. Various ribonucleoside 5'-triphosphates were substituted for ATP in the assay which contained 10 tumoles of 3-P-glyceric acid, 0.1 Mmole of NADH, 50 tris-HCl, pH 7.5, 10 Mmoles of MgCl1, 100 jug of glyceraldehyde-3-P dehydrogenase, 2.5 ,umoles of either ATP, GTP, CTP, ITP, TIP, or UTP, and 3-P-glyceric acid kinase in a total volume of 1.0 ml. After measuring the activity with substituted nucleotides, 2.5 ,umoles of ATP (0.1 ml) were added into the reaction mixture to determine whether those nucleoside triphosphates had an inhibitory effect on the ATP-utilizing activity of 3-P-glyceric acid kinase.
Reagents. Pea seeds were obtained from the Atlee Burpee Company. Metal-free ammonium sulfate was obtained from Mann, Sephadex from Pharmacia, and biochemicals from Sigma. All other reagents were the highest quality commercially available.
RESULTS
Chloroplastic and cytoplasmic 3-P-glycerate kinases have been purified 40-and 23-fold, respectively, from Pisum sativum shoot tissue (Table I ). The most highly purified fractions are contaminated with several other proteins. This enzyme has been purified to apparent homogeneity from spinach leaves by Lavergne and Bismuth (17) , but the chloroplastic and cytoplasmic forms were not separated.
With 3-P-glycerate as substrate the chloroplastic and cytoplasmic 3-P-glycerate kinases have similar broad pH optima with a plateau between pH 6.75 and 9.25 (data not shown). Comparably broad and flat pH optima have been earlier described for the pea seed kinase with a pH optimum between pH 6.7 and 9.7 (8) and for yeast and rabbit skeletal muscle kinases with the optima between pH 6.0 and 9.2 (13) .
The chloroplastic and cytoplasmic 3-P-glycerate kinases have similar Km values for ATP, 0.7 and 0.55 mM, respectively (Table II) . Larsson-Raznikiewicz (14) , working with yeast 3-P-glycerate kinase, obtained two Michaelis constants, 0.5 and 1 mM, in two ATP concentration ranges. In the present experiments with pea leaf kinases, since the double reciprocal plots were linear only one constant was obtained for each enzyme. The Km (ATP) values for the pea leaf enzymes are considerably lower than the value reported for the pea seed en- (13, 14) , and muscle (13) kinases (Table II) .
Two Kin values for 3-P-glycerate were obtained for each pea leaf kinase in two concentration ranges. Within each of these ranges, cytoplasmic and chloroplastic P-glycerate kinases have similar Km values (Table II) . Yeast, muscle, and bacterial kinases have comparable Kml values, while the value reported for the pea seed enzyme is 10-fold higher than the Km determined at similar 3-P-glycerate concentrations for the pea leaf enzymes (Table II) .
The cytoplasmic and chloropalstic 3-P-glycerate kinases have similar Kin values for ADP, 0.22, and 0.18 mm, respectively (Table II) . These values are very close to the Km values reported for yeast and muscle kinases (13) .
The inhibition of the pea leaf 3-P-glycerate kinases by adenosine phosphates is quite complex. When ATP is substrate, ADP and AMP inhibit. When ADP is substrate, ATP and AMP inhibit. In the ATP-utilizing reaction, both pea leaf kinases are competitively inhibited with respect to ATP by ADP and AMP. The Ki values for each particular inhibitor and cytoplasmic or chloroplastic kinase are similar, but ADP is about 10 times more effective as an inhibitor than is AMP (Table II) . Essentially identical results have been reported for yeast 3-P-glycerate kinase (15) . The effect of the inhibitors at low Mg2+ concentrations was not tested in the present experiments. In the ATP-generating direction the cytoplasmic and chloroplastic kinases are inhibited competitively, with respect to ADP, by AMP and ATP. In this case, the two nucleotides are about equally effective as inhibitors (Table II) .
The cytoplasmic and chloroplastic 3-P-glycerate kinases have similar specificities with respect to the nucleoside triphosphate utilized in the phosphorylation of 3-P-glycerate. ATP is the only effective substrate. UTP, TTP, CTP, ITP, and GTP are only 0.5 to 3% as effective as ATP. None of these compounds has an inhibitory effect on the utilization of ATP by the pea leaf kinases. Yeast and skeletal muscle kinases are much less specific with respect to the phosphate donor, with approximately 70% as much activity with ITP and 55% as much with GTP as with ATP (13) .
The following compounds were found to have no effect on the activity of cytoplasmic or chloroplast 3-phosphoglyceric acid kinase in the ATP-utilizing reaction: 10 mm fumarate, Lmalate, acetate, succinate, glutamate, P-enolpyruvate, sucrose, pyruvate, ribose-5-P, fructose-6-P, glucose-6-P; 1 mm glyceraldehyde-3-P, ribulose-1,5-diP; 0.5 mm xylulose-5-P; 10 mM NH4Cl, and 50 mm potassium phosphate (pH 7.4). Citrate at 10 mm levels inhibited the activity of cytoplasmic and chloroplast 3-P-glyceric acid kinases 57% and 46%, respectively. Since citrate chelates Mg'+ ions required for the eenzymatic reaction the kinases are probably inhibited indirectly.
DISCUSSION
Those properties of pea leaf cytoplasmic and chloroplasmic 3-P-glycerate kinases which have been determined are very similar (Table II) . In this respect the 3-P-glycerate kinases resemble the other chloroplastic and cytoplasmic isoenzymes which have been studied (1, 2, 6, 12, 20, 22, 23) . The two kinases seem to be, from the kinetic point of view, essentially identical. Whether the cytoplasmic and chloroplastic kinases in the plant cell will utilize or generate ATP will be determined by the environment in the cell compartment and not by the differential properties of the enzymes themselves.
Since the two kinases are not affected by most common metabolites but are affected by adenine nucleotides the major environmental effect will be mediated by differences in energy charge levels, in turn apparently mediated by light (see ref. 21 ). Although two other plant enzymes have recently been reported to be affected by energy charge levels (10, 25), 3-P-glycerate kinase is the only chloroplast enzyme, and the only higher plant reductive pentose phosphate pathway enzyme, which is known to be affected by energy charge. Pea leaf ribulose-5-P kinase, in contrast, has a much higher apparent affinity for ATP, but is not affected by ADP or AMP and is totally insensitive to energy charge (3). Ribulose-5-P kinase is activated by a light-dependent process (7, 16, 24) . Light apparently controls the activity of both higher plant reductive pentose phosphate pathway kinases, directly in the case of ribulose-5-P kinase, and indirectly through energy charge, in the case of Pglycerate kinase.
The pea leaf 3-P-glycerate kinases are very similar to the kinases from other organisms, differing mainly in nucleoside triphosphate specificity and pl' from the yeast and muscle enzymes (Table II) . 
